Iran is located at the high altitude region and has a diverse four season climate. The temperature difference of two locations at the same time reaches to 50° C. Therefore, the modern direct injection turbocharged engines are highly affected at this condition. This paper deals with the effects of temperature and pressure variations on the engine performance and fuel consumption of turbocharged gasoline direct injection engine. Ford ecoboost is selected for this study and the base experiments are performed at the sea level. At the next step, a comprehensive one-dimensional model of the engine is constructed in GT power and validated with experimental data. Validated model is implemented to investigate the effects of ambient air variations on the engine performance and fuel consumption. The simulations revealed that low end torque is not highly affected by the temperature increase due to the turbocharging compensation while engine torque is significantly dropped at high engine speeds in the elevated temperatures. At constant air temperature, brake specific fuel consumption is decreased for higher intake pressure up to 3000 rpm and does not change up to 3500 rpm.
NOMENCLATURE

BMEP
INTRODUCTION
Reducing engine volume (downsizing) offers the potential to meet future emission standards and reduced fuel consumption (2016, 2004) . Many leading companies have introduced their downsized turbocharged engines and this overwhelming popularity is growing fast. The fuel consumption and emission is improved by downsizing in part and medium load while the engine's potentials at full load is decreased due to the knock sensitivity. Fuel octane number, inlet air temperature and pressure are key factors that significantly affects on knock phenomena (1988) .
Major Iranian cities are located above 1300 m above sea level where the engines in the market are not calibrated as well as sea level. Therefore, engine performance is highly affected in this condition. Fig.  1 shows the altitude above sea level for some Iranian cities.
Fig. 1. Altitude above sea level for some Iranian cities.
Iran also is a vast country and has different types of climate: continental and arid in the plateau, cold in high mountains, desert and hot in the southern coast and in the southeast. The maximum temperature of some Iranian cities is shown in Fig. 2 .
Fig. 2. Maximum temperature of some Iranian cities.
Therefore, the downsized turbocharged engines are affected by the high temperature and altitude in Iran. Many researchers have studied the effects of altitude on the engine performance. Bielaczyc et al. (2011) studied the effects of temperature on diesel and SI engines and concluded that the fuel consumption of diesel engines at -7 o C may be comparable with SI fuel consumption at 24 o C. Intake air temperature was also investigated on HCCI engine by Cinar et al. (2015) . Intake air temperature was changed from 40 °C to 120 °C and improvement in engine efficiency up to 70 °C was observed but specific fuel consumption was increased after that. Sakunthalai et al. (2014) investigated the effect of cold ambient conditions on the diesel engine's performance and the exhaust emission. The temperature varied from -20 o C to 20 o C and the cold start was investigated. The exhaust emissions during the cold start and idle conditions were higher at very cold ambient conditions compared to normal ambient temperatures. The fuel consumption at cold condition was also higher than normal ambient condition.
Diesel engine emissions have high sensitivity to the altitude and their NOx emission is highly affected at altitude. Therefore, lots of researchers have focused on the emissions of diesel engine at altitude. He et al. (2011) performed the experimental study to investigate the effects of altitude on the pollutant emissions of a diesel engine. Their experiments showed the considerable increase in HC, CO and soot. Wang et al. (2013a) investigated a heavy duty diesel engine at the altitude of 4500 m which was fueled with diesel and biodiesel. Experimental results revealed that biodiesel operations increased BSEC. They also investigated the effects of altitude on the brake thermal efficiency of heavy duty diesel engine in another study (2013b). Brake thermal efficiency at four altitudes, including sea level, 1600 m, 3300 m and 4500 m was tested. The results indicated that brake thermal efficiency at various altitudes dropped with the rising of altitude; especially for the low speed, low-load cases. investigated the effects of altitude in combination of oxygenated fuel on the performance of diesel engine. They concluded that the diesel fuel at atmospheric condition had the best BSFC. Szedlmayer and Kweon (2016) tested a heavy duty diesel engine at the simulated altitude of sea level, 1524, 3048, and 4572 m. Holding BMEP constant at each altitude, resulted in 8% reduction in thermal efficiency at high load and high altitude. A light duty vehicle was used to investigate the effects of altitude and alternative fuels on the performance and emission of diesel vehicle by Ramos et al. (2016) . NOx emissions at the altitude was reported around ten times higher than the limits established by the Euro standards. Pan et al. (2015) investigated the effects of intake air temperature and methanol fumigation effects on diesel engine performance. In dual fuel operation, the engine thermal efficiency was decreased by reduction in intake air temperature.
Gasoline engines are also sensitive to the altitude and temperature but in a different way. The intake air pressure and temperature directly affects on engine knock limits and the engine management retards the spark time to control the knock. Wu et al. (2005) implemented neural network model to compensate the effects of altitude on the air flow rate of combustion engine to reduce cost and time of experimental effort. The effects of fuel sensitivity and altitude on the control parameters of modern production vehicles have been investigated by Bell (2010) . Comprehensive testing was performed at an altitude over 1500 meters and confirmatory testing performed near sea level in this research. Watanabe and Kuroda (1981) investigated the effect of inlet air temperature on the power output of two-stroke crankcase compression gasoline engine. An inverse relationship between the engine power and the temperature was reported by them. It is also notable that due to their experimental imitations, the temperature range of 273K to 313K was investigated. Harari and Sher (1993) also investigated the effects of air pressure on the performance of a spark ignition two-cylinder twostroke engine for the aviation applications. They found that at the low engine speeds, engine torque decreased as the inlet air pressure decreases. Sodre and Soares (2002 Soares ( , 2003 investigated the effects temperature, pressure and humidity on the SI engine experimentally on the vehicle. They proposed power correction correlations and compared to existed standards. Schmick (2011) developed a test bed for studying the effects of air temperature and pressure on the small SI engines used in drones. Husaboe et al. (2013 Husaboe et al. ( , 2014 investigated the effects pressure and temperature variations on the performance of small SI engine.
Results revealed a decrease in performance of nominally 4% per 300 m of elevation due to pressure while improvements of 1% per 300 m due to temperature effects. The effects of air intake pressure on the engine performance and emission of single cylinder SI engine was investigated by Abdullah et al. (2013) . In this case, they did not change the altitude but remove air filter box to improve pressure drop and increase intake air pressure. The effects of environmental conditions on the spark assisted compression ignition engines was investigated by Mendrea et al. (2015) . They reported that the higher ambient temperature makes to advance combustion phasing, while higher humidity makes to retard combustion phasing. Effects of altitude, humidity and temperature on the turbocharged SI engine was investigated by Amiel and Tartakovsky (2016) . They simulated four cylinder boxer engine which is implemented in aviation industry and the effects of independent variables on knock was reported. Rahimi-Gorji et al. (2017) investigated the effects of the air pressure and temperature on the power and fuel consumption of SI engine. They implemented GT power to train a neural network and the engine outputs were estimated in terms of variation in air condition.
Altitude variation in Iranian plateau leads to a relatively large difference in ambient pressure and the power output drops drastically. One of the most common methods of engine power keeping at high altitude is turbocharging. The latter compensates for the air density losses and expands the ability of the engine to operate at high altitudes and also to improve the BSFC. The disadvantage of this method is the raise in sensitivity to knock occurrence due to higher temperatures after the compressor. This problem is exacerbated with high temperature in summer, because the decrease in air density results in higher compressor pressure ratios. The range of the possible change in ambient pressure and temperature is wide and therefore, the chance of encountering a combination of parameters that will provoke knock is higher. This study was performed to identify and classify the various parameters and their combinations critical to appearance of knock in SI turbocharged engines in the Iran's environmental condition and to suggest an approach that will allow assessing joint influence of those parameters on knock appearance. The base experiment was done at the sea level laboratory and then, simulation was validated with the experimental data. A comprehensive one-dimensional model of the real engine was constructed in GT power, and a set of different environmental conditions were implemented to the model. Inlet air temperature and pressure were varied from -10 o C to 50 o C and 0.7 to 1.0 bar, respectively. The engine brake torque, specific fuel consumption and spark time are presented to understand the effects of variation in intake air condition.
EXPERIMENTAL SETUP
In this paper, the experiments is conducted on the three cylinder turbo charged direct injection gasoline engine (Ford ecoboost). The overview of main characteristics of this engine is shown in Table 1 . Fig. 3 . AVL APA 1F4-E-0509 dynamometer is implemented to measure torque and power. Emission measurement of exhaust gases has been provided by Horiba Mexa-700 apparatus.
Fuel mass flow rate is measured by AVL 733s flow meter. To calibrate the numerical model, several thermocouples and flowmeters are installed on the engine test rig. The test rig is shown schematically in Fig. 4 . To measure the IMEP, incylinder pressure sensor is implemented and installed on the cylinder head. Air conditioning system is implemented to exert sea level pressure on the engine intake and exhaust system. The intake air temperature is also monitored and controlled via air conditioning system. Water cooled intercooler is implemented to cool down the intake air temperature and is located in the intake air passage.
The Iranian premium fuel is selected for the experiments and its properties are shown in Table 2 . 
ENGINE MODEL
The 1D engine model is implemented to evaluate the effects of different boundary conditions. Simple finite heat release model is used to calculate incylinder heat release. In this method, heat release rate is calculated using Weibe function (2015) . By employing ideal gas equation and Weibe function, correlation between cylinder pressure and crank angle is obtained as is shown in Eq.
(1)(1988):
Heat transfer from cylinder is calculated by Eq. (2) which is the summation of radiative and convective heat transfers(1988):
in Eq. (2) 
Implementing the first and second laws of thermodynamic as well as Euler equations (1988), turbocharger flow properties is formulated by Eq. 
Where f is friction factor which can be determined experimentally or can be read from Moody diagram. Air intake mass flow rate is measured by Eq. (6) (2015): Where 0 is the crank angle when intake valve opens and is crank angle when intake valve closes, is the speed of sound, effective intake flow area which is calculated by multiplication of flow coefficient ( ) in intake flow area. All parameters are computed for charge and discharge conditions. Volumetric efficiency is calculated by Eq. (7)(2015). Where air density in plenum is represented by .
Autoignition model is utilized to predict knock phenomena. Ignition delay is given by Eq. (8)(2015):
Where n, b and c are empirical constant and dependent on the fuel characteristics. These constants for gasoline is proposed by Douaud and Eyzat (1978) : The simulations are conducted by GT-Suite software. One dimensional engine model is designed and then verified. All different parts of the engine such as injectors, turbocharging components and pipes are modeled which are shown in Fig. 5 . Flow coefficient and discharge coefficient of intake and exhaust valves used in the model are calculated by steady flow test bench on real engine valves. Turbocharger map is also extracted from turbocharging test bench. A knock controller has been added to the model which is shown in Fig. 6 to investigate the effects intake air temperature and pressure variation on engine output and fuel consumption. Spark time is modified at knock onset according to knock integral calculation. In order to have precise prediction, spark time is retarded by 0.5 degrees of crank angle in each cycle at the occurrence of engine knock.
RESULTS AND DISCUSSIONS
In cylinder pressure versus crank angle is shown and validated by experiments in Fig. 7 . The numerical data is validated in different engine speeds to ensure the accuracy of model. As is shown, there is a good agreement between experimental and numerical results. According to the presented results, the maximum error is about 7% for 1500 rpm and average deviation is around 2.8 %.
What is more, Table 3 provides breakdown pertinent to comparison between empirical and numerical simulation at 1500 rpm.
Based on a reliable GT model that is validated with experiments, the effects of ambient conditions on engine performance and fuel consumption are investigated by the numerical model. Therefore, the upcoming presented results are numerical.
The effects of intake air temperature on the engine fuel consumption and torque are shown in Fig. 8 and 9 respectively for full load condition. As shown in this figure, specific fuel consumption is increased as the intake air temperature increase. This variation is due to the retard of spark time which reduces the engine efficiency and increases the fuel consumption. The fuel consumption increase is intensified in the speed ranges of 3000 to 4500 rpm. At low engine speeds below than 3000 rpm, valve overlap is implemented by engine management to improve volumetric efficiency and engine low end torque. Therefore, lambda is maintained above 1 by valve overlap. At high engine speeds above 4500 rpm, the mixture is enriched by engine management to control the exhaust manifold temperature and lambda is maintained below than 0.9. Lambda at middle engine speed from 3000 to 4500 rpm and full load condition is around 0.9 to 1.0 which is the most probable engine knock condition. Therefore, this range of speed has the highest sensitivity to knock phenomena and is highly affected by temperature increase. As the intake air temperature increases, the probability for engine knock is intensified. Therefore, the spark time is retarded and the engine efficiency is reduced. Engine torque is also affected by the temperature increase. As shown in Fig. 9 , the low end torque is not highly affected by the temperature increase due to the turbocharging compensation. Engine torque is significantly dropped at high engine speeds by temperature increase. This is due to the turbocharger speed limit that density reduction of high temperature air cannot be compensated as well as low engine speeds. At the middle engine speeds (2000-4500), torque is also decreased due to the spark timing retard. The spark time variation is also shown in Fig. 10 . As shown in this figure, the most change in spark time happens at the middle engine speeds which is due to the fuel air equivalence ratio. This indicates that the spark time is not solely affected by the temperature variation and should be considered along with the air to fuel equivalence ratio.
The effects of temperature variation on BSFC at high altitude are simulated by p=0.7 bar and shown in Fig.  11 . As shown in this figure, the overall trend is similar to the p=0.9 bar except for 1500 rpm. The specific fuel consumption for the highest temperature is dropped to minimum BSFC. The intake air density is decreased at the pressure of 0.7 bar and the temperature increase intensifies this reduction. Density reduction reaches the extent that cannot be compensated by the turbocharger. Turbocharger in this condition (high altitude and high temperature) approaches to the surge line and the air mass flow rate is decreased significantly. The lower mass flow rate result in knock suppression. Therefore, spark time is advanced by the controller and the specific fuel consumption is improved. At higher engine speeds, turbocharger is away from the surge line and the density reduction is compensated by the turbocharger. Therefore, the spark time is retarded and the specific fuel consumption has an increasing trend by temperature increase like p=0.9.
The maximum torque is also shown in Fig. 12 . As shown in this figure, the low end torque at 1500 rpm is significantly decreased at high altitude and temperature to as low as 135 Nm. The air density at high temperature and low pressure can not be compensated by the turbocharger and the air mass flow is decreased significantly. Although the spark time can be advanced at low end torque and engine efficiency is improved, but the air mass flow rate is highly decreased to the level that engine torque is dropped significantly. The engine torque has also a little variation from 2500 to 3000 rpm that implies the engine torque is not sensitive to the ambient condition in these engine speeds. This figure emphasizes that the low engine speed at full load condition is more affected than other engine speeds by altitude and temperature.
The spark time at high altitude for different temperatures are shown in Fig. 13 . As shown in this figure, high altitude has a similar trend to the p=0.9 except for the 1500 rpm. As described, the air mass flow at 1500 rpm is decreased significantly and the knock probability is reduced. Therefore, the spark time is advanced up to the knock limit in the engine controller. The trend of spark time after 1500 rpm, returns to the expected trend which is completely similar to p=0.9. In this condition, the spark time at higher intake temperatures is retarded more than lower intake temperatures.
To simulate the effects of altitude variations, intake air pressure is varied from 0.7 to 1 bar and the results of BSFC are shown in Fig. 14. As is shown in this figure, BSFC is decreased for higher intake pressure up to 3000 rpm and does not change from this engine speed up to 3500 rpm. The intake pressure at low engine speeds (lower than 3000 rpm) is limited by the turbocharger performance at low intake pressures. The turbocharger performance at low engine speed is limited by its surge line and the low pressure at intake manifold can not be compensated by the turbocharger. Therefore, air mass flow rate is decreased and knock phenomena is suppressed at low pressure condition. The spark time is advanced by engine knock control and the efficiency is improved. At medium engine speeds (3000-3500rpm) turbocharger performance is deviated from the surge line and the intake air pressure is boosted to an acceptable level in comparison to p=1 bar. Therefore, there are no big variations in efficiency for these operating points. At high engine speeds, due to the turbocharger speed limit (216,000 rpm) the air intake mass flow is decreased but not as much as low engine speeds. Therefore, the spark time is advanced for the low air pressure by the knock controller that improves efficiency a little.
Although the engine efficiency improves at the most of engine speeds for high altitude condition, but engine torque is dropped significantly that is shown in Fig. 15 . As shown in this figure, the low end torque decreases as the intake air pressure decreases. There is a significant reduction at low end torque for p=0.7 which is due to the turbocharger limitations. The torque at high engine speeds is also reduced by the reduction of air intake pressure. The turbocharger speed limit that is 216000 rpm leads to significant reduction in high speed maximum torque.
The spark time can be advanced if the in cylinder pressure is reduced. Therefore, the spark time for lower intake pressure (higher altitude above sea level) can be advanced except the medium speeds (3000 to 3500 rpm). In the medium engine speeds, the turbocharger is gone away from the borderline and the intake air mass flow is compensated. Aforementioned trend is shown in Fig. 16 .
CONCLUSIONS
The present study provides the numerical along with experimental study to investigate the effects of intake air temperature and pressure on the engine performance and efficiency. The main goal of this paper is to find the effects of Iran's environmental conditions on the turbocharged engine. Therefore, a numerical model that is validated by experimental data is implemented. Numerical parametric study have been done on the full load condition. Spark time, specific fuel consumption and engine torque are represented as dependent variables to understand the effects of Iran's tough geographic conditions on turbocharged engine.
Lambda at middle engine speeds (from 3000 to 4500 rpm) and full load condition for ecoboost is around 0.9 to 1.0 which is the most probable engine knock condition. Therefore, this range of speeds has the highest sensitivity to knock phenomena and is highly affected by temperature increase. The low end torque is not highly affected by the temperature increase due to the boost compensation while engine torque is significantly dropped at high engine speeds.
The spark time is not solely affected by the temperature variation and should be considered along with the air to fuel equivalence ratio. This parameter is highly affected by engine calibration and may changes form one engine to another engine.
Turbocharger at high altitudes and high temperatures, approaches to the compressor surge line and the air mass flow rate is decreased significantly. Therefore, specific fuel consumption is improved at high altitudes and temperatures while the engine torque is dropped. All turbocharged engines have a similar trend in this condition.
Engine efficiency is decreased for higher intake pressure (at constant air temperature) up to 3000 rpm and does not change up to 3500 rpm. At medium engine speeds (3000-3500rpm), there is no big variation in efficiency due to turbocharger map. The engine torque at high altitudes is also significantly dropped except a limited boundary of engine speed (3000-3500 rpm). This behavior is predictable for all turbocharged engines but the range of middle engine speeds depend on the compressor map.
The spark time is advanced at high altitudes and is retarded for high intake air temperatures. There is also an exception for high temperatures and high altitudes that the spark time is highly advanced due to reduction of air mass flow rate.
